Abstract. Five distinct discharge modes are observed in a cylindrically-symmetric helicon reactor. Each mode is characterized by its plasma impedance, wave mode structure, density distribution and floating potential structure. It is shown that the lowest two modes are capacitive (E) and inductive (H), while higher modes are helicon wave (W) modes. Successive wave modes are found to correspond to helicon wave cavity resonances of the plasma-filled vacuum vessel, each with a well defined wavevector, density and impedance. Measured wavevectors and densities are in agreement with the helicon wave dispersion relation. The first helicon discharge mode is found to be an m = ±1 mode, as expected for a double saddle field antenna. Unexpectedly, the second and third helicon modes have an m = 0 azimuthal symmetry.
Introduction
Helicon waves are whistler waves with frequencies between the lower-hybrid and electron cyclotron frequencies in a magnetized plasma. In free space, the whistler is a right-hand circularly-polarized electromagnetic wave, but in a radially-bounded system it develops an electrostatic component aligned along the dc magnetic field (i.e. helicons are the waveguide modes of the whistler wave).
In addition to the long-wavelength helicons, the dispersion relation also allows short-wavelength electron cyclotron waves (Trivelpiece-Gould (TG) waves). Helicons and TG waves may be coupled at the plasma edge if the plasma is sufficiently distant from a conducting boundary.
Typical helicon plasmas densities are 10 11 -10 14 cm −3 for applied dc magnetic fields B 0 < 1 kG [1] . This is denser by an order of magnitude than inductive discharges, where power deposition is limited to the skin depth at the edge of the plasma. In a helicon-produced plasma, the helicon penetrates into the plasma [2] and ionization occurs near the centre of the plasma due to electrons energized by the helicon wave. In addition, energy may be deposited near the plasma edge by TG waves. Because of their exceptional efficiency and high density, helicon discharges have been studied in a number of contexts, including semiconductor processing [3] [4] [5] , ion laser pumping [6] , plasma-based accelerators [7] and toroidal plasmas [8] .
One of the peculiar characteristics of the helicon discharge is the helicon jump [9] [10] [11] . With increasing plasma density, the mechanism for coupling rf power into the plasma undergoes transitions from capacitive (E) to inductive (H) † Permanent address: Semiconductor Research and Development Center, Samsung Electronics Co, Kyungki-Do, 449-900, Korea. and then to helicon wave (W) mode. The E-H-W transitions are associated with sharp changes of the plasma impedance together with jumps in the plasma density. Degeling et al [10] have shown that under some circumstances the W-mode is characterized by strong ionization near the centre of the plasma in association with helicon waves.
The geometry of the antenna used to excite the helicon is of some import, as it determines the most likely azimuthal mode number m. A single-loop antenna is azimuthally symmetric and couples preferentially to the m = 0 helicon mode [4, 12] . The double saddle field (DSF) and Nagoya-III antennae are designed to launch plane polarized waves that are superpositions of the m = ±1 modes [13, 14] , while twisted Nagoya-III antennae [15] should preferentially excite either the m = +1 or m = −1 mode depending on their helicity. Azimuthal modes m > 1 have also been reported for straight antennae [16] .
Most experimental and theoretical studies of helicon discharges have either been carried out in long, thin cylindrical systems or in systems joined to a large diffusion chamber, so that one or both of the axial boundaries are unimportant to the wave dynamics. However, neglect of axial boundaries is not justified for some important applications, for example plasma processing, where the system length may be only a few helicon wavelengths [3] [4] [5] 17] .
In this work, we find that helicon waves form cavity modes in a short, axially bounded system. Here the wavevectors are no longer continuous but take on discrete eigenvalues determined by the system geometry. It is also shown that the parallel and perpendicular wavenumbers, as determined from the measured axial and radial wave fields, satisfy the helicon dispersion relation. As the cavity mode changes to a higher axial, radial or azimuthal mode number, with an accompanying increase of the wavevector, the plasma density jumps according to the dispersion relation. These jumps are quite sharp at low pressures where the wave damping length is less than the chamber length. The plasma density in a given cavity mode is constant over a wide range of rf power, indicating that the plasma density is defined by the cavity resonance. Finally, we observe strong excitation of the m = 0 mode at high densities (as well as m = ±1 modes at lower densities) using a double saddle field antenna, which is expected to couple most strongly to m = ±1 helicon modes.
Dispersion relation
In a uniform plasma, the helicon wave (with a frequency between the lower hybrid and electron cyclotron frequencies and much below the electron plasma frequency) follows the dispersion relation [18] 
where B 0 is the axial dc magnetic field, ω ce is the electron cyclotron frequency, n e is the (uniform) plasma density and µ 0 is the permittivity of vacuum. The second term on the left-hand side of equation (1) is a correction for finite electron mass, thus admitting the Trivelpiece-Gould (TG) wave (for our experiments, ω/ω ce ≈ 0.09). The wavevector k has a perpendicular wavenumber k ⊥ and parallel wavenumber k with respect to B 0 , so that
In an unbounded system the wavevector can change in a continuous fashion. In a bounded system, the wavenumbers k and k ⊥ cannot vary continuously, but must take on certain eigenvalues as determined by the boundary conditions. For a cylindrical geometry, k ⊥ is determined by the radial boundary condition (BC). Roughly speaking, the conducting BC applies if the edge of the plasma column is less than a wavelength away from a conducting boundary. Otherwise, the boundary is effectively insulating. For the insulating boundary, Shamrai and Taranov [19] have argued that a helicon eigenmode results when the TG anti-resonance condition is satisfied. Consequently, for either boundary type a radial eigenmode may result so that k ⊥ can have only certain discrete values. Furthermore, in an axially short system with reflecting boundaries and weak damping, axial standing waves can form. In this case, the parallel component of the wave forms an axial cavity mode and k must satisfy the condition
where p is the axial mode number and L is the system length. Since the parallel and perpendicular components of the wavevector cannot vary continuously in a bounded system, the density (for fixed B 0 ) in equation (1) will not vary in a smooth manner, but must jump when the cavity mode changes. Figure 1 shows the helicon system used for the experiments reported here. It consisted of source and diffusion chambers, where the source chamber was a quartz tube with an inner diameter of 13.5 cm and a length of 32.5 cm. This tube was surrounded by a grounded conducting cylinder with an inner diameter of 18 cm. A (grounded) Al diffusion chamber was coaxial with the source chamber, and was 32 cm in diameter and 29.5 cm in length. The outer ends of the source and diffusion chambers were terminated by grounded Al endplates at z = 0 and 62 cm, respectively. For this system, the radial boundary is not a single cylinder, but consists of two cylinders of different radii, one insulating and one conducting, making a direct comparison with onedimensional theory (i.e. variations only in r) problematic. The vessel was pumped to a base pressure of 2 × 10 −6 torr using a 550 l s −1 turbomolecular pump. Plasmas were made using Ar at pressures of 0.4-4.0 mtorr. A uniform axial dc magnetic field was produced by four coils, two around the source tube and two around the diffusion chamber. Figure 2 (a) shows calculated contours of magnetic field intensity and the field lines. The measured magnetic field on-axis is shown in figure 2(b) , where the axial distance z is measured from the end of the source chamber. The average value of the field is B 0 ≈ 55 G, with ±10% spatial variations. All experiments were performed using this field configuration.
Experimental apparatus
To excite the plasma, we used a classical DSF antenna as shown in figure 3 . The ends of the antenna were separated by 20 cm and rf power at 13.56 MHz was fed to the antenna via a π -matching network. The forward and reflected powers were monitored through a directional coupler, and the antenna current was measured using a current transformer (Ion Physics CM-10-MG).
A Langmuir probe was inserted 5.5 cm off-axis through the endplate of the diffusion chamber. The probe tip was a double-sided Ni disk of 0.2 cm 2 area oriented perpendicularly to B 0 , as shown in figure 1 . The shaft of the probe was L-shaped, by which the measurement point of the probe was adjustable to a given radial and axial position by rotation and translation. To measure the ion saturation current, the probe was biased at −100 V, which was well below the measured floating potential (−30-0 V). Consequently, the current collected by the probe was fully saturated. The ion saturation current was measured using an oscilloscope or digital multimeter.
The rf wave field in the plasma was characterized using a magnetic field probe (i.e. a B-dot probe). The probe was inserted into a glass tube installed through the diffusion chamber endplate or the source endplate (both on axis), or radially through the side of the diffusion chamber at z = 45 cm. The head of the probe consisted of two coils of thin copper wire, one to measure the parallel component of the wave field and the other to measure the perpendicular component. We used a hybrid combiner [20] to separate electromagnetic signals from the electrostatic pickup that usually obscures B-dot measurements. The output waveforms were monitored with a digital oscilloscope and saved for post analyses. The amplitude and phase of the wave (with respect to the antenna current) were obtained by taking the fast Fourier transform (FFT) of the saved waveform. This technique allows an unambiguous measurement of the amplitude and phase at the fundamental frequency even when the signal is weak, noisy or distorted.
Results and discussions

Mode transitions
To determine the number of discharge modes, we measured the ion saturation current at r = 0, z = 40 cm as a function of rf power at a pressure of 0.9 mtorr. The matching network was tuned at each value of the input rf power to minimize reflected power. We observed four jumps (five modes) as shown in figure 4 , in contrast to the two jumps (three modes) reported in most previous papers. The lowest two jumps can be identified as E-H and H-W transitions, respectively, while succeeding jumps will be shown to be transitions between cavity resonances of the bounded helicon wave. For convenience, we name the five modes in figure 4 as E, H, W 1 , W 2 and W 3 , from lowest to highest, and discuss the wave characteristics of W 1 , W 2 and W 3 in section 4.2. We made most of our measurements at 0.9 mtorr because at this pressure all the transitions occurred at relatively low rf powers, so that the experiment was not unduly stressed. In addition, each mode occurred over a wide range of rf power, so that we were not troubled by hysteresis effects [18] and mode hops. The effect of pressure on mode transitions and mode structure will be discussed in section 4.3.
Each discharge mode has a well defined plasma impedance. As shown in figure 5 , mode jumps are associated with discrete changes in the optimum values of the tune and load capacitors in the matching network. In each mode, the tune and load capacitances are nearly constant. This indicates that the plasma impedance is nearly constant for each mode and transits to another value when the mode changes. In figure 6 , we display the measured antenna current as a function of rf power. The current in each mode is proportional to the square root of the rf power, showing that the resistance in each mode is effectively constant.
The rf power introduced into the matching network and antenna is partially dissipated by the vacuum radiation resistance (the unloaded loss) and partially delivered to the plasma [9, 21] . For this system, the measured value of the vacuum radiation resistance is 0.3 . The power delivery efficiency can then be defined as the ratio of the power consumed by the plasma to the total rf power input after correcting for the vacuum radiation resistance. As shown in figure 6 , the power delivery efficiency increases in subsequent modes, indicating that the plasma resistance also increases with the mode transitions E-H-W 1 -W 2 -W 3 , as is consistent with the observed jumps in plasma density.
Helicon wave structure
4.2.1. Axial structure. We measured the amplitude and phase of the wave magnetic field along the axis for each mode (rf powers of 200, 500, 800, 1100 and 2000 W, respectively). From theoretical considerations [2] , we expect
where m is the azimuthal mode number. (Note that B is not required to be zero at radial boundaries.) For the lowest two modes, E and H, it was found that forced oscillations exist near the antenna, while only small-amplitude standing waves were found in the diffusion chamber, thus indicating that in these two discharge modes helicons do not effectively participate in the ionization mechanism, as expected for capacitive and inductive coupling.
The z-dependence of the measured amplitudes and phases of the B wave components for W 1 , W 2 and W 3 are shown in figure 7. For each of these modes, helicons exist along the entire axial distance, including in the diffusion chamber, forming a partially travelling-partially standing wave structure. The modulation in amplitude is due to the interference of incident waves reflected from the endplate of the diffusion chamber. When the amplitude of the reflected wave is comparable to that of the incident wave, cavity modes will form. These cavity modes of the helicon wave satisfy the axial boundary conditions that B = 0 at the endplates, as well as the 'soft' condition that there is a local minimum approximately half way (z ≈ 15 cm) between the two ends of the antenna, as will be discussed in section 4.6.
The axial mode number (equation (3)) for modes W 1 and W 2 is p = 4. This corresponds to a phase velocity parallel to the magnetic field of ≈4 × 10 6 m s −1 , which is close to the resonance condition for the ionization of Ar [10] . The difference between the axial wave structure of W 1 and W 2 is that W 2 has a larger travelling component (lower modulation) than that of W 1 . This indicates that the wave in W 2 is more strongly damped than that of W 1 . The larger damping rate and higher density of W 2 are both indicative of a higher energy deposition from the wave into the plasma. Since W 2 has the same parallel wavenumber as W 1 , the dispersion relation in equation (1) implies that the two modes must have different perpendicular wavenumbers. We examine this issue in the next section.
In contrast to W 1 and W 2 , the wave of mode W 3 has a higher axial mode number p = 5 (i.e. a shorter wavelength). It is understood qualitatively that the higher axial wavenumber is responsible for higher density operation according to the dispersion relation. The parallel phase velocity in this mode is ≈2.7×10 6 m s −1 , which well matches the resonance condition [10] for the efficient ionization of Ar.
Radial structure.
Even though W 1 and W 2 share the same axial mode number p = 4, they have different plasma densities. The dispersion relation implies that this should be due to different perpendicular wavenumbers. Figure 8 shows the amplitude and phase of B for W 1 , W 2 and W 3 in the radial direction at z = 45 cm. In the diffusion chamber the wave is effectively bounded by the edge of the plasma column rather than by the chamber walls. As shown in figure 8(a) , in W 1 , B has a local minimum near r = 0, and is peaked at a finite radius, indicating that the mode has predominantly a J 1 profile, as expected [2] for azimuthal modes m = ±1. The full curve in figure 8(a) is the fitted function J 1 (k ⊥ r) with k ⊥ = 0.33 cm −1 . The theoretical curve agrees well with the data except near the axis, indicating the presence of a small m = 0 component. We believe that for W 1 an m = 0 mode is present and is competing with the dominant m = ±1 modes that are most efficiently excited by our DSF antenna. The antenna spectrum will also contain m = 0 components due to slight asymmetries of the antenna and the plasma, which may be exacerbated at higher densities. Once the density becomes peaked on axis through radial transport or increased on-axis ionization, it induces a locally higher refractive index along the axis, which makes it easier for an m = 0 wave to be excited. This seems to be the case for the transition W 1 -W 2 .
The radial structure of B for W 2 ( figure 8(b) ) has a maximum amplitude on-axis, which indicates that the wave in W 2 is neither of the m = ±1 modes. This is strong evidence for the excitation of an m = 0 azimuthal mode. (Recall that all the Bessel functions except J 0 are zero at r = 0.) We believe that this is the first observation of an m = 0 mode excited by a DSF antenna. We plot the fitted function J 0 (k ⊥ r) as a full curve in figure 8(b) with k ⊥ = 0.55 cm −1 . This is the first radial mode of the m = 0 azimuthal mode. In this case, the effective plasma radius is given by the first zero of J 1 , which implies k ⊥ a = 3.83, or a = 7.0 cm, which agrees with the measured plasma profile ( figure 13(b) ). The perpendicular wavenumber for W 2 is higher than that of W 1 , which is consistent with higher density operation according to the dispersion relation. For large radii, there is a discrepancy between the fitted curve and the data, which may be the effect of the density gradient at the plasma edge [22] . (However, the measured profiles ( figure 13 ) are relatively flat on-axis, giving some justification for the use of the uniform plasma assumption.) The radial structure of B for W 3 (figure 8(c)) also shows a maximum at the centre, again indicating an m = 0 mode. Furthermore, a second bump is visible around r ≈ 5 cm. This bump oscillates out-of-phase with the larger central peak, indicating that W 3 is the second radial mode of the m = 0 azimuthal mode. We again fit the measurements with J 0 (k ⊥ r), obtaining k ⊥ = 0.80 cm −1 . This implies a plasma radius a = 8.8 cm, which is greater than that found for W 2 (a = 7.0 cm). This increase in radius is consistent with a broadening of the radial density profile between the modes, as will be shown in section 4.4 ( figure 13 ). Note that k a > 1 for all the W-mode discharges, so that this is a low-aspectratio system.
Mode transitions in k-space.
We plot the transitions W 1 -W 2 -W 3 in k-space in figure 9 , where the horizontal and vertical axes are the total and parallel wavenumbers. The wavevectors (k ⊥ , k ) for these modes are (0.33, 0.21), (0.55, 0.21) and (0.80, 0.28) (in units of cm −1 ) for W 1 , W 2 and W 3 , respectively. The density contours (in units of 10 11 cm −3 ) were calculated according to the dispersion relation of equation (1) . We have also calculated ion densities from the ion saturation current to the Langmuir probe (r = 0, z = 40 cm as shown in figure 4 ) assuming an electron temperature of 3 eV, giving densities of 4.4×10 11 , 6 .7×10 11 and 9.3×10 11 cm −3 for W 1 , W 2 and W 3 , respectively. These values are about twice those predicted by the dispersion relation, probably due to probe edge effects. Additional uncertainty arises because the plasma is non-uniform radially (and axially), in contradiction to the assumption of the dispersion relation. As shown in figure 9 , the measured eigenmodes lie on the helicon branch of the dispersion relation and can therefore be identified as helicon waves. The W 1 -W 2 transition is a change only of the perpendicular mode. In this case, k remains constant, with a value corresponding to a wavelength of ≈29 cm. This is a strongly preferred wavelength, as it is approximately the antenna length, source chamber length, diffusion chamber length and half the distance from the mid plane of the antenna to the source endplate. In addition, the W 1 -W 2 transition moves the helicon closer to its TG partner by increasing the angle between k and B 0 from ≈60
• to ≈70
• . (The TG wave propagates at ≈85
• .) In the transition W 2 -W 3 , both the perpendicular and parallel wavenumbers change simultaneously, while keeping the angle between k and B 0 nearly constant. Interestingly, a change in either wavenumber separately would result in a smaller density jump. Consequently, during the W 2 -W 3 transition the plasma density must pass through the intermediate densities corresponding to a change of either (but not both) wavenumbers. This indicates that these intermediate modes are either inaccessible or unstable.
Pressure effects
We have observed E-H-W transitions and transitions to higher cavity modes at pressures in the range 0.4-4.0 mtorr. As shown in figure 10(a) , at the lowest pressure of 0.4 mtorr, the discharge modes are very well defined. The plasma density is constant over a wide range of rf power and the mode jumps are very sharp-the fourth mode spans over 1 kW of input power. This is the same phenomenon as observed at 0.9 mtorr (figure 4), but at this lower pressure each mode spans a wider power range and the corresponding mode transitions occur at higher rf powers. As shown in figures 10(b)-10(d), with increasing pressure the rf power needed to induce a transition decreases. Furthermore, the change in density is less than that observed at lower pressures and the transitions become smooth, indicating that two modes exist simultaneously.
However, even at pressures of 2.0 and 4.0 mtorr, the plasma density still exhibits relatively wide, flat regimes as a function of rf power. This is an indication that cavity modes are influential even at these elevated pressures. To confirm this, we measured the wave magnetic fields at a pressure of 2.0 mtorr, corresponding to the data shown in figure 10(c) . The measurements were made across the smooth mode transition from 800-1300 W and also at 1800 W to investigate in detail the transition from one mode to the next. When the density is nearly independent of power, as in the neighbourhood of 800 W, the wave forms a well defined cavity mode as shown in figure 11(a) . With increasing rf power, the wavelength decreases and a small bump in the wave structure develops at z ≈ 35 cm and grows into a new anti-node as shown in the sequence of figures 11(b)-11(d). We finally reach the next cavity mode at 1300 W ( figure 11(e) ). The axial wavenumber increases during the cavity mode transition of figures 11(b)-11(e), which is consistent with the increase of density in figure 10(c) , where the density is relatively flat in a given wave mode and increases mainly in the transition regime of 900-1200 W. At even higher rf powers (1800 W), we observe the next axial mode as shown in figure 11(f) .
At low pressures, the waves are weakly damped, so that the axial coherence length of the helicon waves is also long. This means that the helicons undergo multiple reflections off the ends of the vessel, resulting in the formation of well defined cavity modes. That is, the Q (quality factor) of the system is large. In such a high-Q system, each resonance is sharp and a single cavity mode exists for a given input power. These cavity resonances are stabilized by feedback between the density, which determines the wavelength through the dispersion relation and the wave field, which determines the plasma production rate and hence the density.
At higher pressures the electrons are more collisional so that the plasma is more resistive, resulting in a decrease of the system Q. In a low-Q system, the resonances are broadened and several cavity modes may co-exist, as we have demonstrated in figures 11(b)-11(d). As the electrons become more collisional, the coherence length of the helicon wave becomes shorter and the interference between the incident and reflected waves becomes weaker, so that the character of the waves is more travelling and less standing. That is, by increasing the pressure until the collisional damping length becomes less than the cavity length, electrons lose their direction of motion by frequent collisions and the reflected waves are not as coherent as at low pressures. The resonances then become broader and several modes may peacefully co-exist.
Ion density distribution
Two-dimensional distributions of the ion saturation current measured using the L-shaped Langmuir probe are represented in figure 12 for E, H, W 1 and W 2 . Radial density profiles at z = 20 and 40 cm are depicted in figure 13 for E to W 3 , inclusive. It is shown in figures 12(c) and 13 that the radial density profile for W 1 is hollow with a local minimum onaxis and a peak off-axis. This indicates that the ionization rate (i.e. power deposition) off-axis is higher than that on-axis, as is expected for m = ±1 modes. However, radial ion transport is not hindered by the dc magnetic field for the low values of B 0 used here, so that the ion density tends to become flat or even peaked on-axis [18] . Once the ion density is peaked on-axis, the wave in the plasma becomes more concentrated on-axis because the locally higher density causes a locally higher refractive index N = kc/ω. The transition from the mode W 1 to W 2 may occur because the radial structure of the m = 0 mode is peaked on-axis, thereby matching the most likely radial density profile for a cylindrical geometry. In addition, the radial density profiles in the source chamber are asymmetric for W 2 and W 3 ( figure 13(a) ), which may help to break the symmetry of the antenna-plasma system, allowing the DSF antenna to couple to the m = 0 mode.
The density profiles for W 2 and W 3 in the diffusion chamber ( figure 13(b) ) have similar shapes, with a small bump on-axis and padded shoulders. It seems likely that the central peak is due to electrons energized directly by the helicon [10] , while the shoulders may be due to electron heating by TG waves at the plasma edge [19] -the radial density gradient sharpens at higher densities, which is consistent with a decrease in the perpendicular wavelength of the TG wave from 3.5 cm in W 2 to 2.7 cm in W 3 . In particular, because of the wide vacuum gap around the source chamber, helicons are predicted to couple to TG waves at the plasma edge (in addition, the rf potential on the antenna may launch TG waves directly).
Floating potential
The floating potential of the Langmuir probe measured using an oscilloscope (1 M input impedance) shows a 13.56 MHz oscillation centred about the average (i.e. dc) floating potential. Figure 14 shows measurements of the average floating potential V f and the root-mean-square relative values.) Here both V f and V rf,rms change abruptly at each mode transition. It is also seen that V rf,rms is nearly constant in the second mode (H-mode) where the rf energy deposition mainly occurs near the periphery of the plasma and does not penetrate into the bulk plasma. As we further increase the power, V rf,rms at the plasma centre begins to increase, indicating that the rf power is delivered into the bulk plasma, which is consistent with the fact that largeamplitude helicons exist in the bulk plasma from mode W 1 onward. Furthermore, the floating potential decreases at each mode jump, indicating that the average electron energy is increasing (i.e. wave-particle interactions are becoming stronger).
Our measurements indicate that V f and V rf,rms qualitatively reflect the wave structure in the plasma. In figure 15 , we show two-dimensional maps of V rf,rms and figure 15(b) . By comparing the structure of V rf,rms with the axial wave field measurements, we see that the nodes (anti-nodes) of the wave field for W 2 (figure 7) coincide with smaller (larger) fluctuation amplitudes in figure 15(a) , thereby indicating that large, localized wave fields are responsible for the floating potential fluctuations (either through plasma potential fluctuations or through electron heating). The potential structure of V rf,rms is consistent with the standing wave structure of figure 7 and can be viewed as a qualitative two-dimensional map of the wave mode structure, which is more difficult to measure. In particular, the standing wave structure in the diffusion chamber is planar, reflecting the nature of the endplate. Figure 15 (a) shows that there are two hot spots evident on the plane of the antenna end position (z = 25 cm). These are due to the antenna near field and indicate excitation of m = +1 and −1 modes. However, in the diffusion chamber, V rf,rms becomes more peaked on-axis, indicating that an m = 0 mode is also being excited and dominates the m = ±1 waves in this region. From these results, we may speculate that for the modes W 2 and W 3 , m = ±1 modes are forced and dominate near the DSF antenna, but that an m = 0 mode (which may also exist for a DSF antenna, as discussed in section 4.2.2) becomes dominant in the diffusion chamber because the radial mode structure is more matched to the preferred radial density profile.
Axial boundary conditions
Our discharge is axially confined between two conducting endplates.
Consequently, the most obvious boundary condition for electromagnetic waves at these conducting boundaries is E ⊥ = 0.
Thus, according to Faraday's law,
the BC for the wave magnetic field is
This is the wave component we have used to characterize the mode structures. On the other hand, the BC for the perpendicular component B ⊥ , which is related to the parallel component of the electric field, is obtained from
where σ is the surface charge that exists at metallic boundaries or in the plasma sheath. This BC is less clear, as we do not know σ a priori. We have measured the amplitudes and phases of the perpendicular component of the wave magnetic field B ⊥ in the axial direction (on-axis), as shown in figure 16 . They also present partially modulated travelling waves, but the modulation is somewhat complicated, especially near the endplate, indicating the ambiguity of the BC in equation (8) There is also a third 'boundary condition' that needs to be satisfied, although it is more flexible than the conditions at the two endplates. Because of the axial symmetry of the antenna, B should be zero (or at least a local minimum) at the mid position between the two ends of the antenna, as has already been noted in previous work on an axially unbounded system [11] . In our measurement of figure 7, it is seen that a local minimum in B exists between the ends of the antenna for all the modes, although the exact position of the minimum shifts with changing axial mode number. This can occur due to a change of the axial plasma density profile. In our experiment, the distance from the source endplate to the mid position of the antenna is ≈16 cm, which can satisfy this 'soft' BC because the half-wavelengths found experimentally are in the range 10-20 cm. If this 'symmetry condition' cannot be satisfied, then an unstable operating regime may occur [23] . 
Conclusions
Multiple density jumps, which are capacitive to inductive to helicon wave transitions and subsequent transitions to higher helicon wave cavity modes, have been observed in a short helicon system. The cavity modes were investigated by measuring the wave magnetic fields along and across the dc magnetic field in each mode. Cavity mode transitions are found to occur between different axial, radial and azimuthal modes, increasing the perpendicular and parallel wavenumbers in discrete steps. The resultant density jumps are in accord with the helicon wave dispersion relation. It is observed that the lowest helicon mode has azimuthal mode numbers m = ±1, which are most probable for our DSF antenna. However, for subsequent modes the m = 0 mode is found to dominate in the diffusion chamber. It is suggested from the two-dimensional ion density and floating potential distributions that all the waves of m = −1, 0, 1 exist in higher cavity modes. Here m = ±1 modes are dominant near the antenna, but the m = 0 wave becomes dominant in the diffusion chamber, as can be understood from the radial density distribution.
We have also measured plasma parameters and the wave structure over a pressure range 0.4-4.0 mtorr. When the pressure is low, the transitions between the cavity modes are very sharp, accompanied by large density jumps. It is argued that at sufficiently low pressures, where the damping length is long, the dissipation in the plasma is low and the system has a high Q, making the cavity resonances sharp. In this case, the modes in the plasma are coherent and have well defined perpendicular and parallel wavenumbers. This constant wavevector (in each mode) is related to the plasma parameters through the helicon dispersion relation, as evidenced by a nearly constant plasma density over a wide range of input rf power. As the pressure increases, the plasma becomes more collisional and the coherence length of the waves in the plasma shortens, leading to a decrease in Q. As a result, the waves are likely to be travelling waves rather than cavity modes, and the resonances broaden so that two modes can co-exist, smoothing transitions between cavity modes.
The fact that these cavity modes are stable and repeatable with a well defined density makes them ideal for plasma processing. In addition, different cavity modes appear to have different energetic electron distributions, so that it may be possible to control plasma chemistry by selecting an appropriate helicon wave resonance.
